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Abstract The determination of seismic amplitude
amplification is a fundamental contribution to
seismic hazard assessment. While often only high-
frequency amplitude variations (>1 Hz) are taken
into account, we analyse broadband waveforms
from 0.14 to 8.6 Hz using a temporary network of
32 stations in and around the earthquake-prone
city of Bucharest. Spectral amplitudes are calcu-
lated with an adaptive multiple-taper approach.
Across our network (aperture 25 km × 25 km),
we find a systematic northwest/southeast-oriented
structural influence on teleseismic P-wave am-
plitudes from 0.14 to 0.86 Hz that can be ex-
plained by constructive interference in the dipping
Cenozoic sedimentary layers. For higher frequen-
cies (1.4–8.75 Hz), more local site effects prevail
and can be correlated partly among neighbour-
ing stations. The transition between systematic
and localised amplitude variations occurs at about
1 Hz.
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1 Introduction
The measurement of the local amplification char-
acteristics of earthquake waves, so-called site ef-
fects, is important to estimate the damage during
earthquake scenarios. As resonant frequencies of
residential buildings a few stories high are typi-
cally above 1 Hz and short-period seismological
sensors are mostly used, this part of the seis-
mic wavefield is usually analysed for hazard as-
sessment. However, in Bucharest, the capital of
Romania, the fundamental frequency range of
many vulnerable buildings is 0.5–1.5 Hz (Lungu
et al. 1994); such low frequencies are also ob-
served during earthquake shaking (Aldea et al.
2004; Moldoveanu et al. 2004). These buildings
are multi-storied (from nine to eleven floors),
and they have already been partly damaged by
World War II actions and major earthquakes in
1940, 1977 and 1986 (Lungu et al. 1999a). The
analysis of historic earthquake damage also indi-
cates the importance of evaluating low-frequency
site effect in Bucharest (Georgescu 2004). Our
study provides additional details about seismic
amplitude variations and site effects, particularly
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their frequency dependence, because we investi-
gate broadband (0.14–8.6 Hz) seismological re-
cordings. The dataset was gathered in the city
of Bucharest and its outskirts (Fig. 1) where a
deep sedimentary basin and laterally heteroge-
neous fluvial deposits significantly influence seis-
mic amplitudes. Bucharest and its surroundings
with 2.5 million inhabitants are threatened by
strong earthquakes occurring in the Vrancea Re-
gion (Fig. 1), the most active part of the south-
eastern Carpathian orogenic belt (Atanasiu 1959;
Radu 1974; Wenzel et al. 1999a, b; Musson 1999).
The Vrancea seismicity is characterised by major
earthquakes at intermediate focal depths of 80–
150 km and a hypocentral distance of only about
150 km from Bucharest. The maximum intensi-
ty of the Vrancea earthquakes reached VIII–IX
in the city (Mândrescu and Radulian 1999) when
the last disastrous earthquake of magnitude Mw ∼
7.5 in March 1977 caused major damage and
killed more than 1,500 people. On average, there
are about three to four earthquakes with magni-
tudes Mw > 7 per century (Radu 1974; Wenzel
et al. 1999b) that constantly threaten the whole
metropolitan area (Sokolov et al. 2004). As
Bucharest is built on the deep foreland basin of
the Southern Carpathian arc (Fig. 1), the seismic
wave amplitudes become amplified in the sedi-
mentary layers (Cioflan et al. 2004; Mandrescu
et al. 2007). The whole sedimentary rock sequence
reaches a depth of about 8–10 km with up to
several tens of meters of weakly consolidated
fluvial sediments at the surface. The thickness of
the sedimentary layers generally increases from
south to north (e.g. Mândrescu et al. 2004).
The near-surface layers vary later ally within the
metropolitan area of Bucharest, and this complex
three-dimensional structure results in consider-
able seismic site effects.
The sediments beneath Bucharest have been
well investigated in the past in shallow geophys-
ical studies (for a summary, see Mândrescu et al.
2004), major seismic experiments like the lithos-
pheric-scale refraction profiles VRANCEA99 and
Fig. 1 Map of SE
Romania with the
Carpathian Arc. The
epicentres of the nine
studied Vrancea
earthquakes are plotted
with stars, the URS
network in the
metropolitan area of
Bucharest is indicated by
crosses. The inset shows
SE Europe for the
regional context
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VRANCEA2001 (Hauser et al. 2001, 2002; Raileanu
et al. 2005) and combined seismic-drilling projects
(Lungu et al. 1999a, b; Mândrescu et al. 2004; Bala
et al. 2005). Recent strong motion studies, con-
ducted to determine the peak ground acceleration
(PGA) for risk assessment, revealed a strong spa-
tial and frequency-dependent variability of PGA
across the city (e.g. Wirth et al. 2003; Aldea et al.
2004; Cioflan et al. 2004; Bartlakowski et al. 2006)
as well as a dependence on the absolute seismic
amplitude (Mândrescu et al. 2004).
Both the Collaborative Research Centre
461 “Strong Earthquakes” at the Universität
Karlsruhe (TH) and the Romanian Group for
Strong Vrancea Earthquakes have extensively
investigated the tectonics, hazard and risk miti-
gation of the region (e.g. Wenzel et al. 1999a).
Within the framework of this research, the Geo-
physical Institute at Karlsruhe and the National
Institute for Earth Physics at Bucharest conducted
a major seismological experiment called URS
(URban Seismology) in the Bucharest metropol-
itan area (Fig. 2). The aim of URS was to measure
local, regional and teleseismic events as well as
the natural and cultural seismicity of the city and
its surroundings to acquire a high-quality data-
set for various seismological analysis techniques
(Ritter et al. 2005). In this study, we investigate
the frequency dependence of the seismic wave
amplification in and around the city of Bucharest.
Fig. 2 Map of the
Bucharest area and the
broadband URS station
network in 2003/2004.
The main Bucharest
municipality is
approximately inside the
ring road. River and
lakes are plotted in blue;
houses, industry, etc. in
grey; roads and streets in
black. Numbers indicate
URS stations names and
different symbols indicate
sensors used at the station
sites. URS29, which is
used as reference station
for the spectral ratios, is
shown in red
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Table 1 Source parameters of the analysed teleseismic earthquakes
Source region Date Origin time Depth (km) MW  (◦) BAZ (◦)
Honshu, Japan 10/31/2003 01:06:28 10 7.0 80.05 46
Kyrgyzstan 12/01/2003 01:38:32 10 5.9 38.81 73
Indian Ocean 01/11/2004 04:32:48 5 6.2 84.45 158
Strait of Gibraltar 02/24/2004 02:27:46 0 6.4 24.77 258
Xizang, China 03/27/2004 18:47:30 8 6.0 48.93 80
Afghanistan/Tadzhikistan 04/05/2004 21:24:04 187 6.5 34.72 87
Kamchatka 04/14/2004 01:54:09 51 6.1 71.12 24
Sicily 05/05/2004 13:39:43 229 5.5 10.39 239
Kamchatka 06/10/2004 15:19:57 189 6.9 72.90 25
 is the epicentral distance and BAZ the back azimuth to the source (epicentral data from National Earthquake Information
Center, US Geological Survey)
We analyse short time windows spanning phase
arrivals of teleseismic (0.14–0.86 Hz) and Vrancea
(0.5–8.75 Hz) events, which we taper with the
multiple-taper technique before transforming
them into the spectral domain. We then determine
the variation of spectral amplitudes for different
frequencies across the network and interpret
these results.
2 The URS experiment and data selection
The URS experiment (Fig. 2) was conducted in
the metropolitan area of Bucharest to study the
crustal seismic structure and site effects over a
broad frequency range (0.08–45 Hz). The com-
plete network was operating for 9 months from
October 2003 until August 2004, and it continu-
ously recorded the ground velocity with a sam-
pling frequency of 100 Hz (for details on URS,
see Ritter et al. 2005). We used 31 broadband
stations at 34 network sites (Fig. 2) belonging to
the portable KArlsruher BroadBand Array (KA
BBA). As sensors, we deployed 22 Streckeisen
STS-2 (free period 120 s), five Geotech KS2000
(100 s), three Güralp (30 s) and one Lennartz
(5 s) seismometers. The sensors were connected
to Earthdata 24-bit data loggers, and a flat fre-
quency response can be expected for frequencies
above the free period. Prior to the installation of
URS, we tested the accuracy of the instrument’s
amplitude response. The equipment was therefore
installed in a storehouse, and the closely arranged
sensors recorded seismic events for 4 weeks in
summer 2003. Based on these measurements, we
find relative amplification factors with an average
error of less than 3% for the particular instru-
ments. Accordingly, we regard amplitude varia-
tions in the URS dataset as significant if variations
exceed 5% between different station sites.
The data were filtered, and P- and S-wave
phases with a signal-to-noise ratio (S/N) higher
than 3 were selected from teleseismic and Vrancea
events. Teleseismic P-phase arrivals were filtered
with an acausal Butterworth bandpass filter of
order 4 and corner frequencies at 0.05 and 3.0 Hz.
Nine suitable events with a clear P-wave were
selected (Table 1). No teleseismic S-waves were
Table 2 Source
parameters of analysed
earthquakes in the
Vrancea region
 is the epicentral
distance relative to
station URS9 (data from
ROMPLUS catalogue,
(Oncescu et al. 1999) and
updates)
Date Origin time Latitude Longitude Depth (km) MW  (km)
11/25/2003 23:21:39 45.39 26.45 130 3.5 98
01/21/2004 05:49:11 45.52 26.46 117 4.1 120
02/07/2004 11:58:22 45.67 26.62 143 4.4 129
02/13/2004 17:48:40 45.68 26.69 129 3.8 131
03/17/2004 23:42:08 45.69 26.53 157 4.1 129
04/04/2004 06:41:05 45.64 26.48 150 4.3 123
07/02/2004 01:38:08 45.69 26.80 109 3.8 135
07/10/2004 00:34:58 45.69 26.57 150 4.3 129
07/22/2004 17:09:30 45.58 26.44 147 4.2 117
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selected because their S/N was below 3 at fre-
quencies over 0.05 Hz. The low S/N is a result of
the P-coda that reverberates in the sedimentary
layers. The seismograms of Vrancea events were
filtered with the same Butterworth bandpass but
with corner frequencies of 0.3 and 10 Hz. Nine
of these events had clear P- and S-wave arrivals
(Table 2 and Fig. 1) with S/N > 3. For the S-wave
analysis, E–W component recordings were used,
as the northern source location (Fig. 1) means
the E–W motion approximately corresponds to
the horizontally polarised transverse S-wave. To
avoid misinterpretation of observed amplitude
variations, the seismograms of the Vrancea earth-
quakes were additionally corrected for geometri-
cal spreading effects across the network.
In Fig. 3, waveform examples of a teleseismic
P-phase as well as a P-phase and S-phases of a
Vrancea event are displayed for a selection of sta-
tions. These waveforms are disturbed by varying
noise conditions as expected in a metropolitan
area. The teleseismic signals (Fig. 3a) are quite
coherent, whereas the waveforms of the Vrancea
event vary within the URS network, in particular
those of the shear waves. Due to the source–
receiver configuration with a back azimuth of
about 10◦, the E–W component motions corre-
spond to transverse shear waves and N–S com-
ponent motions correspond to radial shear waves.
In the following, we only use the transversely
polarised S-waves, which are more relevant for
hazard studies than vertically polarised S-waves.
2.1 Data processing
The recorded waveforms were corrected for their
individual instrument characteristics. To trans-
form the seismic signal from the time into the
spectral domain, we selected time window lengths
and positions based on the required frequency
content and duration of the analysed seismic
phases. The time window should enclose the in-
vestigated seismic phase completely, but noise and
coda waves should be avoided. As the length
of the time window determines the spectral res-
olution, we chose a common length for each
phase type so that the waveforms consistently
fit into the time window in the recordings at all
2.01.00.0 3.0 4.0
URS09 Z
URS12 Z
URS28 Z
URS29 Z
URS31 Z
URS33 Z
b local event 02/07/2004
c local event 02/07/2004
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P phasepreevent
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Fig. 3 Examples of analysed seismic waveforms at selected
sites: a teleseismic P-phase (0.05–3.0 Hz-bandpass-filtered)
of an event in China with Mw = 6.0 at 49◦ distance;
b P-phase (0.3–10 Hz) of a Vrancea event with Mw = 3.8,
depth = 109 km; c S-phase (0.3–10 Hz) of the
Vrancea event (EW-component ∼ transverse motion; NS-
component ∼ radial motion). The vertical lines mark the
time windows used for the spectral analysis; black solid
lines for time window with seismic phase; grey dashed line
for time window with pre-event noise
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URS stations. The time windows are 7 s long for
the teleseismic P-phases. The Vrancea P-wave and
transverse S-wave phases were analysed with time
window lengths of 0.7 and 2 s, respectively. These
three different lengths correspond to frequency
resolutions of 0.14, 1.4 and 0.5 Hz (the spectral
resolution is proportional to the inverse window
length). The duration of the teleseismic P-phases
from the different events varies to a certain extent.
Accordingly, the time window length needs to be
selected with respect to the duration of the longest
phase. We set the position of the time windows
so that their ends coincide with the visible end
of the analysed phase (Fig. 3). Thus, we avoid
sampling of different amounts of coda energy at
different stations, which would affect the spectral
amplitudes.
From Fig. 3, it is obvious that the noise level
at the different sites varies considerably. To take
into account these different recording conditions,
we not only selected time windows of seismic
phases but of pre-event noise as well. Assuming
that the noise is stationary and stable over the
time spanned by both time windows, we subtract
the spectral noise energy from the seismic signal
energy prior to the amplitude determination.
2.2 Method
The time–frequency transformation of short time
windows (0.7–7 s) not only results in a coarse
spectral resolution, but also the relative amount
of spectral leakage (the smearing of energy from
one discrete spectral value to the adjacent fre-
quencies) is higher than for longer time win-
dows. To suppress spectral leakage, we applied
the adaptive multiple-taper approach (Park et al.
1987; Percival and Walden 1993). Each time series
was separately tapered with the first four low-
order 3π discrete prolate spheriodal sequences
(dpss, Fig. 4) after Slepian (1978) or Percival and
Walden (1993). Afterwards, squared Fourier am-
plitude spectra Sk( f ) (modified or windowed pe-
riodograms, Slepian 1978) were calculated:
Sk ( f ) = t
∣
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Fig. 4 Taper functions used: Four lowest order 3π discrete
prolate spheriodal sequences (dpss) for 176 samples
with vt being the N samples of the seismogram
within the time window and t the sampling in-
terval. hk,t is the kth taper function modifying the
time window. The modified periodograms Sk( f ),
or power spectra, is discrete because of the time
window’s finite length. It is defined for multiples
of the minimum resolvable frequency fmin:
fmin = 1
/
N · t. (2)
The multiples of fmin are the discrete frequen-
cies used below. We determine the multiple taper
spectrum Sm( f ) from the weighted sum (adap-
tive multiple taper) of the resulting power spectra
Sk( f ). The applied weight function is frequency-
dependent and determined iteratively with the
intention of optimally balancing the spectral leak-
age against resolution at each discrete frequency.
The spectra tapered with lower order dpss there-
fore have higher weights at frequencies where the
spectral amplitudes change rapidly. To do this,
first, the weight factors for each taper function at
each frequency are determined from a single win-
dow spectrum as a first-order approximation of
the spectral shape. The weighted single-window
spectra are then summed, and the shape of the
obtained multiple-taper spectrum is again deter-
mined for refinement of the weight function (for
details, see Percival and Walden 1993).
Although providing less resolution than single-
window taper functions, multiple-taper spectra al-
low us to reliably estimate the spectral shape
across the entire bandwidth (Percival and Walden
1993). Moreover, our study strongly benefits from
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the smoothness of these multiple-taper spectra,
as summation of the single-window spectra en-
ables the calculation of smooth and stable spectral
ratios.
Examples of the discrete power spectra from
seismic signals and pre-event noise in the analysed
phases are shown in Fig. 5. For teleseismic phases,
we find that the main signal energy lies in the low-
frequency range below 1 Hz (Fig. 5a). The phases
from the Vrancea events have a bandwidth in the
high-frequency range at 1–8 Hz for P-waves and
1–6 Hz for S-waves. The S-waves are superposed
on the P-wave coda, and at frequencies above
6 Hz, the energy of the S-waves is lower than the
energy of the P-wave coda. We therefore use only
frequencies up to 6 Hz.
The absolute value of the spectral amplitudes
depends on the earthquake magnitude, the radia-
tion pattern, the epicentral distance to the source,
the source-side seismic structure and the receiver-
side site conditions. In the following, we consider
normalised amplitude variations only and there-
fore neglect the event magnitudes which are simi-
lar for the studied Vrancea events (Table 2). As
the distance between the sources and the URS
network (∼150 km) is much larger than the URS
network aperture (40 km), we can neglect the
radiation pattern of the sources and the source-
side seismic structure. We only correct for the
geometrical spreading of the Vrancea waveforms
and assume that the remaining relative amplitude
variations are caused mainly by site effects.
Since we are interested in the average relative
amplitude variations of different seismic events
across the network, we take the square root of
the power-spectral amplitudes and apply a nor-
malisation. For the teleseismic phases, we scale
the amplitudes separately for each event with the
maximum spectral amplitude at the URS network
and calculate the median values for the discrete
frequencies at each station. In Fig. 6a, the rela-
tive P-wave amplitudes and their median values
at 0.28 Hz are displayed for each station along
with the nine teleseismic events (Table 1). The
largest amplitudes were recorded at stations with
amplification values close to 1. For the phases of
the Vrancea events, we calculated relative am-
plitudes with respect to reference station URS29
(indicated with red in Fig. 2). URS29 was selected
as reference station because it recorded all inves-
tigated events and was located in the centre of
the network (Fig. 2). A normalisation with respect
to the maximum spectral amplitude as applied for
the teleseismic waves is not suitable here due to
the high amplitude variability above 1 Hz and
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Fig. 5 Examples of power spectra for the recordings shown
in Fig. 3. Black dots mark the discrete spectral values of
the seismic phases, grey dots show the pre-event noise (see
Fig. 3). a Teleseismic P-wave phase, b Vrancea P-wave
phase and c Vrancea transverse S-wave
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Fig. 6 Relative spectral
amplitudes (small
symbols) and
corresponding medians
(grey squares) at each
URS station for the
events given in Tables 1
and 2. a Normalised
spectral P-wave
amplitudes for each
teleseismic event at
0.28 Hz, b spectral ratios
relative to URS29 for
Vrancea P-phases at
1.4 Hz and c spectral
ratios for Vrancea
transverse S-phases
at 0.5 Hz
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missing records which cause severe uncertainties.
In Fig. 6b, c, the relative spectral amplitudes are
presented at 1.43 and 0.5 Hz for the Vrancea P-
waves and transverse S-wave phases, respectively.
With increasing frequency, an increase of rela-
tive amplitude variations is visible for the single
measurements as well as for the median values
at the stations. Although the methods for deter-
mining median values for the teleseismic and
Vrancea events differ, this has no significant ef-
fect on the relative amplitude variations, whereas
absolute values cannot be calculated in this way.
The standard deviations of the mean values are
indicated on the maps by scaling of the symbols.
3 Results
We studied the relative amplitude variations for
the complete frequency range (0.14–0.86 Hz) with
clear seismic phase observations. Specifically, the
results for the discrete frequency values resulting
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from the Fourier analysis are presented to avoid
interpolation between these values. The low-
frequency end (0.14 Hz) is important because it
may correspond to low-frequency shear waves or
surface waves of Vrancea events. As our dataset
does not contain clear low-frequency phases from
Vrancea events due to their low magnitude during
the URS experiment (Table 2), we use the tele-
seismic P-wave observations instead. The high-
frequency range (1.6–8.6 Hz) is important for
Bucharest because it corresponds to the resonance
frequency of the buildings with by far most apart-
ments (Lungu et al. 1999c).
The spectral amplitudes of the low-frequency
teleseismic arrivals (<1 Hz) vary moderately. In
Fig. 6a, the relative variation across the network at
0.28 Hz is shown as an example. Most variations in
amplitude are within a 40% range. The individual
amplitude values at several stations (e.g. URS02,
09, 20, 22 and 24) are scattered for some events.
A more stable result is found using the median
values for each station. The medians vary by about
30% for a frequency of 0.28 Hz (Fig. 6a); these
values are above our measurement uncertainty of
maximum 5% (see above). To map the spatial
amplitude variations, we plot the median ampli-
tudes for the different frequencies at the recording
locations (Fig. 7). These spatial representations
show a clear pattern of frequency-dependent am-
plitude variations across the URS network: We
observe a NW–SE trend of amplification change
for frequencies from 0.14 Hz (Fig. 7a) to 0.71 Hz
(Fig. 7e). At 0.14–0.43 Hz, the relative amplitudes
are higher by about 20% in the NW part of the
network than in the central and southern parts.
This pattern changes to a less coherent distribu-
tion at 0.57 Hz with increased amplitudes around
the city centre. At 0.71 Hz, a reverse trend is found
in which higher amplitudes (∼30%) are measured
in the south (Fig. 7e). At 0.86 Hz (Fig. 7f), we
find relatively low amplitudes in the centre of the
URS network that coincides with the Bucharest
city centre. Higher relative amplitude values are
observed at the surrounding sites. However, there
is a larger standard deviation, as we are close to
the noise level.
The relative amplitude variations of the
Vrancea P-wave arrivals are shown in Fig. 6b as
spectral ratios relative to URS29. These values
commonly show approximately 60% scatter. The
median values are less well constrained than for
the teleseismic data. For example, at URS31, the
nearest station to URS29 in the city centre, we
find much lower amplitude values for two events.
However, most median values at the URS sta-
tions are quite stable, and between different sta-
tions, variations of the medians span 0.5 to 1.5. In
Fig. 8b–f, the medians at 1.43 to 8.75 Hz of the
Vrancea P-waves are plotted in map view. The
median spectral ratios of the teleseismic P-wave
data at 0.86 Hz are added in Fig. 8a to enable a
comparison with lower frequencies. The relative
amplitude variation pattern in Fig. 8a (spectral ra-
tio method) and Fig. 7f (normalisation per event)
match well and demonstrate that the results of
the two methods can be compared as long as we
consider relative amplitudes.
The high-frequency (>1 Hz) P-wave amplitude
variations are locally stable and do not change
systematically within the network across the stud-
ied frequencies (Fig. 8). Northwestern stations are
characterised by higher amplitudes, while those
in the southeast decrease in relative amplitude.
However, there is no frequency dependence as for
the teleseismic data, and instead, more spatially
clustered anomalies are visible. For example, in
the centre and towards the south, amplitudes are
generally lower than in the north and periphery of
Bucharest (Fig. 8b–f).
To gain insight into the frequency-dependent
properties, the spectral ratios are plotted against
frequency at the URS stations (Fig. 9). The area
below the median spectral value is shaded, and,
where possible, neighbouring stations are placed
together. We find several similarities in the me-
dian spectral shape for groups of neighbouring
stations: The northern and northwestern stations
(URS1, 05, 06, 10, 14, 18 and 19) have higher me-
dian spectral ratios at lower frequencies (<4 Hz)
than stations in the central part. More even spec-
tral ratios are found in the centre of the network
(URS9, 11, 12, 26, 28, 31, 32 and 33) and general-
ly have lower amplitudes and less scattering of the
median values than those observed at the nearby
station URS29. At several stations (URS21, 13,
14, 22 and others), pronounced variations of the
spectral ratios occur at least in some parts of the
spectrum. This is believed to indicate the influence
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Fig. 7 Maps with
median spectral P-wave
amplitudes from the
teleseismic waveforms at
the URS network. The
point size decreases with
increasing standard
deviation. a dominant
frequency at 0.14 Hz,
b 0.28 Hz, c 0.43 Hz,
d 0.57 Hz, e 0.71 Hz and
f 0.86 Hz
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of very local site conditions on the seismic wave
amplification.
The variation of transverse S-wave amplitudes
from the Vrancea events across the network at
0.5 Hz is shown in Fig. 6c. It is stronger than for
P-waves (Fig. 6a, b) and reaches relative values of
0.1 to 2.5. Most single relative S-wave amplitude
variations span a range of about 80%, and their
median values vary by about 60% (Fig. 6c). The
spatial distribution of the median S-wave ampli-
tudes is shown in Fig. 10. At 0.5 and 1.0 Hz, the
lowest amplitudes are observed in the centre of
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Fig. 8 Maps with
median spectral P-wave
amplitudes from the
Vrancea waveforms at the
URS network. The point
size decreases with
increasing standard
deviation. a dominant
frequency at 0.86 Hz
for teleseismic events,
b 1.43 Hz Vrancea events,
c 2.86 Hz, d 5.71 Hz,
e 7.14 Hz and f 8.75 Hz
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the city. At higher frequencies (2–6 Hz), the am-
plitudes are slightly increased in the city relative
to its surroundings. The strongest amplitudes are
found at station URS32 in the west of the city
centre (Fig. 2). The spatial pattern of amplifica-
tion in Fig. 10 is less frequency-dependent than
the low-frequency teleseismic P-waves (Fig. 7)
and shows more variability at short distances.
Such variability points to small-scale local effects,
as expected for typical seismic site effects. The
variability of the S-wave amplitudes is also ob-
served in the frequency-dependent spectral ratios
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 Fig. 9 Spectral amplitude ratios for the URS stations rela-
tive to station URS29 for P-waves of Vrancea events. The
symbols indicate the values for different events; the area
below the median is shaded in grey
at different sites (Fig. 11). Strong scattering of
the observed values is found at stations URS32,
URS18, URS06 and URS21. The neighbouring
stations URS31, URS9, URS33 and URS12 show
Fig. 10 Maps with
median spectral S-wave
amplitudes from the
Vrancea waveforms
(transverse component)
at the URS network.
Point size decreases with
increasing standard
deviation. a 0.5 Hz,
b 1.0 Hz, c 2.0 Hz,
d 3.0 Hz, e 4.0 Hz
and f 6.0 Hz
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 Fig. 11 Spectral amplitude ratios for the URS stations rel-
ative to station URS29 for transverse S-waves of Vrancea
events. The symbols indicate the values for different
events; the area below the median is shaded in grey. Stars at
the station name mark stations where some spectral ratios
exceed 3 and the range of the plots
the same frequency dependence as URS29 (Fig. 11),
while most stations have increased S-wave am-
plitudes relative to URS29 at 1–2 Hz. Towards
the east and south, high frequencies (4–6 Hz)
are also relatively enhanced, which leads to bowl-
shaped spectral ratios. When comparing the dis-
tribution of the spectral ratios between P- and
S-waves of Vrancea events (Figs. 9 and 11), we
find similar frequency dependencies at stations
with small amplification factors. Stations charac-
terised by stronger amplification for P-waves gen-
erally also show stronger site effects for S-waves,
though there are also few exceptions (e.g. URS19
and URS32), where the frequency-dependent
P-wave amplification pattern is reversed to the
S-wave pattern.
4 Discussion and interpretation
Amplitude variations across a seismic network
may be related to several factors, including wave-
front focusing, scattering, superposition and near-
surface site effects. The spatial coherence of
amplitude pattern is an important clue to the
interpretation of the observations. Small-scale
or sub-wavelength lateral structural heterogene-
ity mainly causes scattering of teleseismic wave
fronts. This leads to randomly distributed and
mostly weak amplitude changes that are often
interpreted with random media approaches (e.g.
Flatté and Wu 1988; Hock et al. 2004). Large-
scale structures spanning several wavelengths may
cause laterally systematic amplitude variations.
An example is the amplitude pattern at the
Gräfenberg Array, Germany, which is due to a
dipping sedimentary wedge (Weber 1994).
Our observed low-frequency (<1 Hz) NW–SE
changing P-wave amplitude pattern (Fig. 7) across
the area of Bucharest is likely to be caused by
a systematic change of the geological structure
at depth. A plausible physical mechanism is wave
interference within a dipping layer to explain
this pattern. Such a dipping reflector beneath
Bucharest is indicated in the seismic refraction
model VRANCEA99 (Hauser et al. 2001). The
Cenozoic–Cretaceous boundary (CCB) is mod-
elled by Hauser et al. (2001) as a P-wave veloc-
ity (vp) jump from about 2.1–2.7 km/s (partly
consolidated Cenozoic sediments) to 5.3–5.8 km/s
(consolidated Mesozoic sediments) at a depth of
about 2 km. More precise information on this in-
terface was collected by Mândrescu et al. (2004)
from deep drillings conducted in the Bucharest
area. Their interpolated map contains a clearly
NNW dipping CCB. In the south of the URS net-
work, the depth to the CCB is about 700 m, and
it increases with a depth gradient of 4% to about
2 km in the north (Mândrescu et al. 2004). Us-
ing high-resolution receiver functions, Diehl and
Ritter (manuscript in preparation) find a dip-
ping first-order seismic discontinuity below the
URS network at ∼0.7-km depth in the south and
∼1.5-km depth in the north. This observation il-
lustrates the relevance of this interface.
Frequency-dependent constructive interfer-
ence in a dipping layer with a reflecting bottom
varies with the thickness, h, of the layer. In the
following, we assume a near-vertical incidence
of the teleseismic waves into the seismic low-
velocity sediments below the URS network. The
corresponding fundamental frequency f0 for con-
structive interference is given by:
f0 =
〈
vp
〉/
4h (3)
where < νp> is the average P-wave velocity of
the sedimentary layer above the reflector (Sheriff
and Geldart 1982). Using Eq. 3, we computed
depths h to reflectors (Fig. 12) using average P-
wave velocities from 2.0 to 2.75 km/s as pub-
lished for Cenozoic sediments (Hauser et al. 2001;
Bala et al. 2005) and fundamental frequencies f0
as observed in our dataset. The calculated h
match the known depths for the CCB (Fig. 12),
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Fig. 12 Reflector depths as a function of the fundamental
frequency f0 for constructive interference from 0.2 to 1 Hz
for P-wave velocities <νp> from 2.0 to 2.75 km/s
e.g. h ∼ 1,600–2,200 m for f0 ∼ 0.3 Hz and h ∼
600–900 m for f0 ∼ 0.8 Hz. Thus, positive interfer-
ence is a very likely cause for the observed ampli-
tude variations in Fig. 7. For a direct comparison
of the calculated h, together with the observed f0
(0.43 and 0.71 Hz) and amplitude variations, these
parameters are plotted together in Fig. 13. The
depth of the reflector after Mândrescu et al. (2004)
is displayed as isolines and grey shading; the area
for positive interference with a specific f0 is indi-
cated in red. There is a coincidence of increased
seismic amplitudes for regions where the depth of
the CCB matches the resonance criterion given
in Eq. 1. This correlation is found for the whole
range of analysed teleseismic P-phases from 0.14
to 0.86 Hz (Fig. 7).
A similar frequency-dependent behaviour for
PGA is indicated in Cioflan et al. (2004). They
model wave propagation of Vrancea events across
Bucharest, and their model S3 (2D profile) in-
cludes the dipping Quaternary and Mesozoic sed-
imentary layers. Their results reveal maximum
amplitudes in NE Bucharest at 0.1–0.3 Hz, in the
city centre at 0.5–0.7 Hz and in SW Bucharest at
0.7–0.9 Hz for P-waves. Interestingly, the spatial
frequency-dependent effect is less pronounced for
radial S-waves and negligible for transverse S-
waves (Cioflan et al. 2004).
The spatial P-wave amplitude variation at
higher frequencies (>1 Hz, Fig. 8) is less co-
herent than the low-frequency pattern (Fig. 7).
Sometimes, significant amplitude changes occur
between neighbouring station sites. At 1.43–8.75
Hz, P-wave amplitudes tend to decrease from the
NW to SE (Fig. 8b–f). It is unlikely that this is due
to a resonance effect as for the lower frequencies
because the amplitude distribution is frequency-
independent at 1.43–8.75 Hz. The median values
at individual station sites are quite stable across
this frequency range. Consequently, we interpret
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Fig. 13 Maps with median spectral P-wave amplitudes
from the teleseismic waveforms at the URS network to-
gether with the depth of the Cenozoic–Cretaceous bound-
ary (CCB) as isolines and grey shading after Mândrescu
et al. (2004). The regions of constructive interference due
to the finite spectral resolution and estimated uncertainties
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indicates the depth to the CCB and corresponding frequen-
cies for constructive amplitude interference with < νp >=
2.5 km/s. a dominant frequency 0.43 Hz and b 0.71 Hz
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this observation to be associated with local site
effects that are mainly due to the near-surface
geology close to the sites.
The S-wave amplitudes at 0.5–1 Hz are lower
in the city centre compared to its urban sur-
roundings (Fig. 10a, b). Within the city centre,
the variation is small, which agrees with Wirth
et al. (2003) who determined variation factors of
∼1.5 for Fourier amplitude spectra of Vrancea
strong motion records at 0.5–1 Hz. The amplitude
increase observed in the suburbs is quite large, but
these values are also uncertain with standard devi-
ations up to 0.6–0.75. Mândrescu et al. (2007) find
increased amplitudes at 0.52–1 Hz for Vrancea
S-waves which they explain as a result of reso-
nance in the Quaternary sediments including the
marls series (about upper 100–200 m). This reso-
nance effect at 0.5 Hz in the north and 1 Hz in
the south should only occur for strong shaking,
e.g. M > 7 for Vrancea earthquakes. This is well
beyond the magnitude of the events during the
URS experiment (Table 2). Aldea et al. (2004)
show control periods (Tc) of response spectra
across Bucharest for the 30 August 1986 Vrancea
earthquake. Their result at 0.63–0.77 Hz indicates
related strong motion in the southeastern part
of the URS network partly consistent with our
findings.
At 2–4 Hz, the amplitude variation is relatively
smooth (Fig. 10c–e). There are two to three sta-
tions with high relative amplitudes but also large
standard deviations. The spatial pattern is quite
stable for frequencies above 2 Hz, and therefore,
we propose that near-surface site effects dominate
the amplitude behaviour. At 2–5 Hz, Wirth et al.
(2003) find higher Fourier amplitudes towards the
NW part of the city and lower values towards SE
with a factor reaching 3–4. Such a trend is not
supported by our dataset. Mândrescu et al. (2007)
describe a seismic wave resonance at 1.42–3.3 Hz
in the deposits above the marl complex (about
upper 40–50 m) during moderate (5 < M < 7)
Vrancea earthquakes. This also cannot be verified
with our recordings of lower magnitude (M ∼
4) Vrancea earthquakes and may indicate that
the resonance properties of the Quaternary sed-
iments behave nonlinearly depending on the in-
put amplitude and possibly on the duration of
shaking.
5 Conclusions
The recordings at the URS network in Bucharest
allow us to study the amplification of seismic
waves over a broad frequency range. For the
first time, low frequent (<1 Hz) teleseismic P-
waveforms indicate a systematic NW–SE change
in amplitude behaviour. This variation can be ex-
plained by the geological layering: There is a
northward dipping Cenozoic sedimentary layer
below the URS network which is underlain by
more consolidated Mesozoic sedimentary rocks.
Inside the Cenozoic sediments, constructive wave
interference occurs that depends on the wave-
length, and therefore frequency, as well as layer
thickness and average seismic velocity. An aver-
age seismic velocity of about 2–2.5 km/s in the sed-
iments can well explain the observed amplification
pattern at 0.14–0.71 Hz across Bucharest (Fig. 13).
For the Bucharest area, the transition from sys-
tematic amplitude variations to typical site ef-
fects occurs at about 1 Hz. Very local site effects
are observed at high frequencies (>1 Hz) using
P- and transverse S-waveforms from Vrancea
events. These site effects can vary at small dis-
tances, but seem to be mostly stable within a ra-
dius of some kilometres (Figs. 8 and 10). Within
the metropolitan area of Bucharest, we find am-
plitude variations with a factor of 1–2 for P-waves
and 2–3 for transverse S-waves, which should be
taken into account for seismic hazard assessment.
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